Photoreceptor neurons (R cells) in the Drosophila eye define a map of visual space by connecting to targets in distinct layers of the optic lobe, with R1-6 cells connecting to the lamina (the first optic ganglion) and R7 and R8 cells connecting to the medulla (the second optic ganglion). Here, we show that Wengen (Wgn) directly binds Moesin (Moe) through a cytosolic membrane proximal domain and this interaction is important for mediating two distinct aspects of axonal targeting. First, we show that loss of wgn or moe function disrupts cell autonomous R8 axon targeting. Second, we report that wgn or moe mutants show defects in R2-R5 targeting that result from disruption of non-cell autonomous effects, which are secondary to the cell autonomous R8 phenotype. Thus, these studies reveal that the Wgn-Moe signaling cascade plays a key role in photoreceptor target field innervations through cell autonomous and non-cell autonomous mechanisms. 
Introduction
Determining the molecular basis of neuronal targeting and identifying the mechanisms that lead to the establishment of synaptic circuits is a critical issue in neurobiology. Neurons develop and extend processes in a stepwise and stereotypical fashion and it is certain that short-and long-range guidance cues can attract or repel growth cones, and facilitate or inhibit synapse formation [1, 2] . However, our knowledge of the specific mechanisms that allow developing neurons to seek out appropriate target zones and form synapses remains incomplete.
The compound eye of Drosophila contains , 800 ommatidia, each of which has 3 types of R cells (R1-6, R7 and R8) [3, 4] . During larval development, the R8 photoreceptor differentiates earliest and is the first to extend its axon into the optic lobe, followed by R1-6 and R7. The R1-6 and R7 axons fasciculate with the R8 axons and grow along R8 to reach their target zones. The R1-6 growth cones follow R8 axons only to the lamina where they terminate. R7 growth cones follow R8 axons through the lamina and into the medulla and terminate into a deeper layer (M6).
In mammals, tumor necrosis factor receptor (TNFR) superfamily members mediate a wide spectrum of physiological and pathological events. Interestingly, recent studies have indicated that TNFR superfamily members regulate morphogenetic activity [5] , with FAS, DR6, and p75
NTR playing important roles in neuronal process outgrowth and integrity [6] [7] [8] . We have characterized some of the intracellular pathways that regulate FAS-mediated process outgrowth in primary mammalian cortical neurons and shown that a direct interaction between FAS and Ezrin, an ERM (Ezrin, Radixin, Moesin) family member, is required for this function [9] . However, characterizing the fundamental physiological relevance of this pathway in mammals in vivo is complicated by the existence of numerous compensatory pathways. Drosophila has a single TNFR-like receptor, termed Wgn [10, 11] and one TNF-like ligand, termed Eiger (Egr) [11] [12] [13] . In fly, the only one ERM, Moe, is present [14, 15] . The expression of single TNFR and ERM makes Drosophila a tractable system for examining their functions and signaling mechanisms in vivo.
Here, we report that Wgn is expressed in R cells and is required for appropriate targeting of both R8 and R2-R5 axons. Interestingly, Wgn and Moe mediate their effects on R8 and R2-R5 targeting independent of Egr, the TNF-like ligand. Wgn binds directly to Moe and the Wgn-Moe cassette functions in a cell autonomous manner to mediate effects on R8 path finding. However, the effect of Wgn and Moe on R2-R5 axons depends entirely upon non-cell autonomous actions derived from R8. Thus, Wgn and Moe function within R8 cells to control axon guidance and targeting during development. , wgn e00637 , Df(1)E128/FM7c, moe G0323 /FM7c, moe G0415 /FM7c, moe EP1652 /FM7c, UAS-moe-Myc, UASmoeT559D-Myc, ey-FLP,Sb/TM6B,Tb, and FRT 19A, TubGal80, hsFLP; mCD8-GFP lines were provided by Bloomington Drosophila Stock Center. UAS-wgn-RNAi (GD3427 V9152 ), UASmoe-RNAi (GD5211 V37917 ), UAS-pink1-RNAi (GD11336 V21860 ) and UAS-grip-RNAi (GD14152 V29073 ) lines were provided by Vienna Drosophila RNAi Center. egr e02904 was provided by Exelixis collection at Harvard University. The insc 22 , egr 66 was provided by X. Yang [16] and the Gal4 109-68 line was provided by Y. Rao ((McGill University) (original from [17, 18] ). The wgn 22 allele was generated by FRT-mediated homologous recombination that involved crossing two sister chromosomes containing piggyBac elements inserted into first intron of wgn with heat shock flippase (hs-FLP) as source of flippase [19] . From over 100 recombinant lines, one line had a different 59 region from the original P insertion site and this was named wgn 22 (See detail in Figure 1J ). For MARCM analysis, we used hs-FLP together with GMR-Gal4 driver, Ro-tau-LacZ and UAS-mCD8-GFP markers to generate mutant or wt cells which were labelled with GFP and with Ro-tau-lacZ [20] . In order to identify R8, we used antiSenseless to stain R8 cells. We traced the trajectories of the R8 cells that were co-stained with anti-Senseless in R8 nuclei and anti-GFP in cell bodies and axons from eye disc to optic lobe. We noticed that GFP proteins were expressed in Bolwig's nerve in all the samples examined regardless of the presence of the transgene Tub-Gal80. To generate UAS-wgn-Flag and UAS-wgn-DMPDFlag transgenic flies, wgn cDNA was obtained from the full length EST clone RE29502 (Berkeley Drosophila Genome Project). Full length and deleted MPD domain of Wgn were generated by PCR- Figure 1 . wgn or moe mutation results in R cell axonal targeting defects. (A-C) Eye-brain complexes of third-instar larvae were stained with 24B10 to visualize all R cell axons. (D-F) Samples were labeled with Ro-tau-LacZ marker and stained by anti-beta galactosidase to visualize R2-R5 axons. (A9-C9) Magnified view of medullar areas in A-C. (A) In wild-type flies, R1-6 growth cones terminated in the lamina to form the lamina plexus (seen as a smooth line, stretching between two check marks in A), while R7 and R8 axons projected into the medulla. R7 and R8 growth cones expanded to form a regular array of non-overlapping growth cones (also see magnified view in A9). In wgn e00637 /y (B) and moe
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/y (C) mutants, the lamina plexus was disrupted and the termination fields in the medulla were disorganized and contained many thick wandering bundles (arrows). The growth cones within the medulla were enlarged and overlapped (arrow heads in B9 and C9). (G) Quantifications of mistargeted R2-R5 axon bundles projected into medulla in control, wgn and moe mutant animals. Double stars: P , 0.001; Student T tests, two tails. Error bars denote s.e.m. Genotypes in (G): #1(wgn 22 mutant. The P element insertion site in the wgn e00637 strain is located in the first intron of wgn at X:18526488 in the minus orientation (indicated by the point upward triangle). FRT-mediated recombination of the wgn e00637 strain resulted in production of the wgn 22 recombinant line in which the P element remained but deletion of approximately 1200 base pairs was introduced. Abbreviations: lp, lamina plexus; me, medulla; OS, optic stalk; rtl, Rough-tau-LacZ; C, control; M, mutant; gp, genomic primer; hs-FLP, heat shock flippase. Scale bars: A-C, 10 mm; D-F, 10 mm. doi:10.1371/journal.pone.0060091.g001 based procedures and subcloned into pUAST vector. The transgenic flies were generated by Best Gene Inc.
Plasmid Constructs, Protein Purification and Antibody Production pMal-C2X (New England Biolab) and pGEX-4T-1 (GE) was used to express MBP-DECD, GST-DECD and GST-DECD-DMPD in E. coli strain BL21. MBP or GST fusion proteins were purified from bacterial lysates using appropriate affinity column. The GST-DECD protein was purified and used to produce antiWgn sera in rabbits. The antibody was affinity purified by MBP-DECD protein that was affixed to PDVF membrane and eluted using 50 mM glycine pH 2.5. After adjusting to pH 7.0, the buffer was exchanged into phosphate-buffered saline using Amicon Ultracentrifugal Filter Unit with a 10 KDa molecular weight cutoff (Millipore).
In vitro Binding Assay
In vitro binding assay was performed as described [21] . The anti-Myc monoclonal antibody 9E10 (Santa Cruz) was used to detect Myc tagged Moe.
Immunohistochemistry
Whole mount eye-brain complexes of third-instar larva were prepared as described [22] . R1-8 cell axons were labelled with the 24B10 monoclonal antibody [23] . The R2-R5 axons were labelled with Ro-tau-LacZ, as described [24] whereas R8 axons were labeled with Ato-tau-Myc [25, 26] 
Results
Wgn and Moe are Required for R Cell Axon Targeting
We initiated our examination of the function of Wgn in R cell axon guidance by staining third-instar larval eye-brain complexes using 24B10 [23] , an R cell-specific monoclonal antibody. R1-6 axons normally project towards the posterior aspect of the eye imaginal disc, pass through the optic stalk, then fan out and terminate in the first optic ganglion, where they form the lamina plexus [3, 4] . R7 and R8 axons take the same route but project beyond the lamina plexus to terminate in the medulla. In this medullar region, termed the second optic ganglia, the growth cones of R7 and R8 normally form evenly spaced arrays of ''inverted-Y shaped'' structures ( Figure 1A ). In flies lacking functional Wgn, innervation of the lamina and medulla was clearly disrupted. Figure 1B shows that in wgn e00637 mutants (which have a piggyBac element inserted in the first intron of the wgn gene), the normal smooth structure of the laminar plexus is replaced by large aggregates separated by gaps (compare Figures 1A and 1B) . In the medulla, wgn e00637 mutants display abnormally thick axon bundles and medullar axons often strayed into neighbouring regions (arrows in Figure 1B) . Furthermore, growth cones in the medulla were enlarged and often overlapped with each other (compare arrows in Figure 1A9 and 1B9).
The wgn e00637 phenotype was partially penetrant (70%; n = 27), perhaps because this strain is a wgn hypomorph [19] . To produce a more complete loss-of-function allele, we disrupted the 59 region adjacent to the original P-element insertion site in wgn e00637 using FRT-mediated homologous recombination (Figure 1 ). The phenotype in the resulting wgn 22 strain was fully penetrant (100%; n = 14) and more severe than in wgn e00637 , with many large gaps in the lamina and with numerous abnormal thick bundles projecting into the medulla (Data not shown and Figure 1) .
We speculated that the thick axon bundles entering the medulla in wgn mutants were abnormal projections of R1-6, which normally terminate in the lamina. To address this, we crossed wgn 22 with the Ro-tau-lacZ marker line, which identifies R2-R5 axons (Table 1 ) [24] . In wild-type flies, R2-R5 axons usually terminate in the lamina but in wgn 22 flies, many R2-R5 projections fail to terminate in the lamina but instead, grow further to enter the medulla (penetrance 100%, n.10). Quantification of the mis-entry of R2-R5 axons into the medulla in wgn 22 flies revealed a highly significant increase in abnormal R2-R5 projections compared to wild-type ( Figure 1 ). The wgn e00637 strain, the Df(1)E128/y strain (in which several genes including wgn were deleted) and the wgn 22 /Df(1)E128 strain showed very similar phenotypes (Data not shown). We conclude that the TNFR superfamily member Wgn is required for normal termination of R2-R5 axons in the lamina.
In mammalian neurons, the adaptor protein Ezrin, a member of the ERM family, links the TNFR family member FAS receptor to the cytoskeleton to propel neurite outgrowth in vitro [9] . Our observation of the R cell axon targeting function of Wgn prompted us to test whether the single ERM family protein in fly, Moe, plays a role in Wgn-dependent R cell axon targeting. To address this, we first examined R cell projection patterns in third-instar larvae puc-LacZ b-Galactosidase expression driven by puckered promoter 32
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Gal4 expression in neurons 31 doi:10.1371/journal.pone.0060091.t001 homozygous for moe G0415 and moe G0323 , well characterized moe lossof-function alleles [28] . Figure 1C shows that moe G0415 flies had R cell projections defects that were qualitatively identical to those observed in wgn mutants. Specifically, the moe G0415 flies had gaps in the laminar plexus, displayed thick axon bundles that projected into medulla (arrows in Figure 1C ), had abnormal wandering projections (arrow head in Figure 1C ), and had medullar growth cones that were enlarged and overlapping (compare arrow heads in Figure 1A9 and 1C9). Using the Ro-tau-lacZ marker, we found that moe G0323 R2-R5 axons did not terminate in the lamina but instead projected into the medulla ( Figure 1F and Quantified in 1G). The moe G0323 phenotypes were 100% penetrant (n = 30) and these phenotypes were observed in flies with other moe alleles, including moe G0415 , moe EP1652 and moe
G0415
/moe EP1652 trans-heterozygotes (Data not shown).
To rule out the possibility of the observed R cell axon targeting defects are secondary to abnormal R cell, lamina neuron or glial cell differentiations, we examined their differentiation with several cell markers (anti-Elav for all R cells, anti-Prospero for R7, antiSenseless for R8, anti-Dachshund for lamina neurons, and antiRepo for glial cells). In each case, the staining patterns for wgn and moe mutants were normal, like the wild-type (Figure 2) . We conclude that wgn or moe phenotypes reflect primary defects of axon guidance and targeting rather than secondary defects resulting from defects in cell differentiation or fate.
Wgn is Present in R Cells
Previous studies have shown that Moe protein is present in the cell bodies of all R cells [29] but the endogenous expression . This normal R8 morphology was disrupted in wgn (D and arrows in D9) and moe (G and arrows in G9) mutant animals. In panels B, E, and H, R2-R5 axons were visualized by anti-beta galactosidase staining. Few wt R2-R5 axons around the middle region of lamina plexus projected through and terminated in the medulla (arrow heads in B) whereas entry of R2-R5 axons into the medulla was prevalent in wgn (E) and moe (H) mutants (indicated by arrows and arrow heads). Note that mistargeted R2-R5 axons were often followed R8 paths (indicated by arrows in F and I). Quantifications of the R8 growth cone phenotypes and R2-R5 axon mistargeting were shown in Panel J. Hemispheres with . 10 R2-R5 axons and/or with thicker bundles in the medullar region were counted as hemispheres with R2-R5 mistargeting defects. Hemispheres that have irregular array of R8 growths cones in the medullar region with blunt or enlarged ends were counted as hemispheres with abnormal R8 growth cones. Genotypes: in A-C and A9, w pattern of Wgn has not been determined. To address this, we generated an anti-Wgn antibody and used it to stain third-instar larval eye-brain complexes. In the wild-type eye disc, anti-Wgn antibody stained R cell bodies as a regular array of dots (indicated by arrow heads in Figure 3A ) whereas it did not stain wgn 22 mutant eye discs. Furthermore, Wgn protein was present in cells that were co-stained with Senseless, most prominently within newly forming ommatidia near the morphogenetic furrow (arrow heads in 3B), indicating that Wgn is expressed in R8 cells (Figure 3B-3D ). This R8 staining is absent in wgn 22 mutant animals ( Figure 3F-3H ). Within wild-type eye-brain complexes, axonal Wgn expression was below our antibody detection limit but the protein was readily detected in axons and growth cones when GMR-Gal4 [30] was used to drive overexpression of Wgn proteins in the eye discs (arrow in Figure 3I ), indicating that Wgn can be transported to these cellular domains. By immunoblotting, we found that endogenous Wgn expression was present at low but detectable levels in wild-type third-instar eye-brain complexes and at higher levels in adult heads; Wgn protein was not detectable in wgn e00637 or wgn 22 flies ( Figure 3J ).
Mutations in wgn and moe cause R8 Growth Cone Morphology Defects
To ask whether wgn mutants had a specific R8 phenotype, R8 cells that were marked by Ato-tau-Myc [25, 26] were crossed into the wgn 22 background. In wild-type animals, R8 growth cones form a regular array of ''inverted-Y shaped'' structures ( Figure 4A and 4A9) but these were disrupted in wgn 22 /y mutants. Many of the R8 growth cones in the wgn 22 /y mutants were enlarged and had numerous fine extensions but others were constricted and had blunt ends ( Figure 4D and 4D9) . We also crossed wgn 22 /y to Ro-tauLacZ to specifically mark R2-R5 cells. As expected, R2-R5 axons in the wgn 22 /y strain showed extensive mistargeting into the medullar region (arrows and arrow head in Figure 4E and 4F). Interestingly, a similar array of R8 growth cone phenotypes was also observed in moe G0323 /y mutants ( Figure 4G and 4G9) . moe G0323 /y mutants that had been crossed to Ro-tau-LacZ revealed qualitatively similar R2-R5 mistargeting phenotypes (arrows and arrow head in Figure 4H and 4I). Notably, in both wgn and moe mutant animals, mistargeted R2-R5 axons often followed the paths of R8 axons into the medullar region (arrows in Figure 4F and 4I). Quantification and statistical analyses of these defects are provided in Figure 4J .
Wgn and Moe Interact Physically and Genetically
We previously showed that in mammalian cells, the ERM family member Ezrin binds to a juxtamembrane domain in FAS termed the MPD [9] . The phenocopy of wgn and moe suggests that these two molecules may function in the same pathway to control R cell axon targeting. Comparison of FAS and Wgn amino acid sequences revealed that an MPD-like sequence is present in the juxtamembrane region of Wgn ( Figure 5A ) and we therefore tested whether Wgn and Moe can directly interact. Wgn-GST fusion proteins that contained (GST-DECD) or lacked (GST-DECD-DMPD) the putative MPD were examined for their ability to bind Moe present in fly lysates derived from adult heads that expressed UAS-moe-Myc transgene by using GMR-Gal4 driver. Figure 5B shows that the GST-DECD bound Moe in a dose-dependent manner whereas GST-DECD-DMPD did not. We conclude that Wgn binds to Moe and that the MPD domain within Wgn is required for this association.
To determine if the interaction of Wgn with Moe is relevant in vivo, we asked whether the incidence of R cell axon mistargeting defects is changed when the moe gene dosage is reduced in a wgn hypomorphic (wgn e00637 ) background. Reducing the moe gene dosage by half had no consequence in otherwise wild-type flies but enhanced axonal mistargeting defects in wgn e00637 mutant background. In these, the lamina plexus was severely disrupted and frequent gaps and thick bundles projected into the medullary region (compare Figure 5D and Figure 5G ). The penetrance of the wgn e00637 mutant phenotype increased from 70% to 100% when the moe gene dosage was halved ( Figure 5H ). Taken together with the physical association of Wgn and Moe, these data support the notion that Wgn and Moe function together in a signaling pathway that is crucial for normal R cell axon guidance and targeting.
R Cell Axonal Targeting Relies on Specific Levels of Wgn and Moe Expression
To determine if the R cell axon targeting defects could be rescued, we used the neuronal specific driver Elav-Gal4 [31] to drive expression of a UAS-wgn transgene in a wgn 22 mutant. This resulted in rescue of R cell axon mistargeting defects in 37.5% of individuals (n = 12; Figure 6A and 6B), a relatively modest effect. Partial rescues were also obtained when Elav-Gal4 was used to drive expression of a UAS-moe transgene in the moe G0415 strain, with 55% of individuals displaying rescue of the R cell axon mistargeting defects (n = 9; Figure 6C , 6D). One explanation for these partial rescues is that R cell axon projection patterns rely on a narrow window or specificity of Wgn and Moe expression. Consistent with this, we found that in otherwise wild-type flies, expression of Wgn or Moe by GMR-Gal4 resulted in R cell axon projection defects identical to those observed in the loss-offunction mutant animals ( Figure 6E -L, E9-L9 and 6N-6O). Therefore, it seems that transgenic expression of Wgn or Moe can cause a rescue in some individuals but in others, exceeds an expression threshold that disrupts R cell axon targeting. If this is the case, dampening transgene expression should increase the proportion of rescued individuals. Consistent with this, when flies were reared at a lower temperature (18˚C) to reduce UAS-wgn transgene expression, the proportion of rescued animals increased from 37.5% to 50% (n = 14). These data suggest that normal R cell axon targeting requires a narrow range of Wgn and Moe expression. Since previous studies have shown that overexpression of Egr using the GMR-Gal4 driver induces JNK activation and cell death [12, 13] , we also asked whether Wgn overexpression activates JNK in R cells. Interestingly, we found that Egr overexpression mediated by GMR-Gal4 readily activated puc-LacZ (a transgene that indicates JNK activation [32] ) and caused massive R cell death. In contrast, GMR-Gal4 driven Wgn expression did not induce puc-LacZ expression, R cell loss or alter eye morphology (data not shown).
Cell Autonomous Axonal Targeting Defects Occur only in R8 Cells
To determine if Wgn or Moe functions in a cell autonomous manner to control R cell axon targeting in vivo, we used the Mosaic Analysis with a Repressible Cell Marker (MARCM) method [20] to produce genetic mosaics that allowed us to follow axonal trajectories of individual wild-type or mutant R cell axons that were labelled with a mCD8-GFP fusion protein ( Figure 7 and Figure 8 ). In wild-type animals, the R8 MARCM axons (GFP and Senseless positive) passed through the lamina to reach the medulla. In the medulla, they did not turn or occupy neighbouring target regions (arrow heads and enlarged picture in Figure 7B ). In the lamina, individual wild-type R2-R5 MARCM axons (GFP and Ro-tau-LacZ positive) terminated in the lamina plexus as expected (double arrow heads in Figure 7C and arrow head in Figure 8D ). Intriguingly, R8 MARCM axons with mutations in wgn or moe showed severe targeting defects ( Figure 7F and 7J) whereas R2-R5 MARCM axons containing homozygous wgn or moe mutations showed appropriate targeting to the lamina region ( Figure 8E -8F and 8H9-8I9). R8 MARCM axons lacking moe wandered off their normal trajectory and displayed unusually large growth cones with many fine processes (arrows and arrow heads in Figure 7F and enlarged insert). R8 MARCM axons lacking wgn did not stay in their appropriate target zone but instead strayed into neighboring regions (arrow heads in Figure 7J and enlarged insert). Figure 7M and Figure 8J show the quantifications of the percentages of abnormal projection and/or morphology of R8 MARCM clones and normal projection of R2-R5 MARCM clones, respectively. These MARCM analyses suggest that R8 targeting defects are cell autonomous whereas defects observed in R2-R5 targeting defects may be non-cell autonomous in wgn and moe mutants. [33] . Since our MARCM analyses indicated that wgn or moe mutations do not cause cell autonomous R2-R5 targeting defects (quantified in Figure 8J ), we asked whether R2-R5 targeting defects observed in wgn and moe flies were secondary to the cell-autonomous defects in R8 axon targeting ( Figure 9 ). To determine if Wgn expressed in R8 cells is required for normal R2-R5 targeting, we expressed Wgn or Moe in R8, but not other R cells, and assessed R2-R5 phenotypes in wgn or moe mutant animals, respectively. Strikingly, expression of a UAS-wgn transgene from an R8-specific driver (Gal4 109-68 ) [17, 18] rescued R2-R5 mistargeting defects in a large proportion of wgn 22 /y individuals (66.7%; n = 18 animals; Figure 9B ). R8-specific expression of the UAS-wgn transgene rescued the R2-R5 phenotypes considerably better than the neuronal expression of UAS-wgn driven by Elav-Gal4 (66.7% versus 37.5%), supporting the hypothesis that R8-specific Wgn expression is required for normal R2-R5 targeting. Similarly, R8-specific expression of UAS-moe in an otherwise moe-null background rescued the R2-R5 phenotypes in 38% of individuals (n = 19 animals -see Figure 9E ; Quantified in 9J). We conclude that activation of a Wgn-Moe signaling cassette within R8 cells restores normal R2-R5 targeting in mutant wgn or moe backgrounds and that this rescue relies upon the interaction of Moe with Wgn.
To further determine whether Wgn and Moe expression in R8 cells is required for R2-R5 axon targeting, RNA interference was used to reduce levels of Wgn or Moe only within R8 cells, of otherwise wild-type animals. In flies in which R8 cells were marked by Ato-tau-Myc and R2-R5 were marked with Ro-tau-LacZ, R8-specific expression of control RNAi transgenes (UAS-pink1-RNAi or UAS-grip-RNAi) had no effect on targeting of R8 or of R2-R5 axons ( Figure 10A-10C and 10A9) . However, R8-specific expression of UAS-wgn-RNAi not only resulted in the expected cellautonomous defect in R8 axon targeting and growth cone morphology but also caused R2-R5 axonal targeting defects that were very similar to those observed in whole wgn mutant animals ( Figure 9 , Figure 10D-10F and 10D9) . Similarly, R8-specific knockdown of Moe caused cell autonomous defects in R8 cells and non-cell autonomous defects in R2-R5 cells (Figure 9 , Figure 10G -10I and 10G9). Quantifications of the number of R2-R5 axons entering the medulla ( Figure 9J ) and the penetrance of the R8 and R2-R5 phenotypes ( Figure 10J) show that R8 specific expression Wgn or Moe partially rescues the R2-R5 mistargeting defects and loss of Wgn or Moe expression specifically in R8 caused not only the abnormal R8 growth cone phenotypes but also the profound R2-R5 axon mistargeting defects. Furthermore, R8 expression of the Wgn mutant protein that lacked the Moe binding motif produced only modest rescue (24%; n = 37 hemispheres; Figure 11 ), suggesting the interaction between Wgn and Moe in R8 is important for Wgn mediating signaling to control R cell axon targeting. We conclude that the Wgn-Moe signaling cassette regulates both cell autonomous R8 growth cone targeting and non-cell autonomous R2-R5 axon targeting.
Discussion
Determining how guidance receptors transmit signals to regulate precise path finding decisions is crucial for understanding the development of nervous system. Here, we have identified a Wgn-Moe signaling cascade that plays important roles in regulating R cell axon targeting during development. Several lines of evidence support this contention. First, mutations in wgn or moe cause severe R cell axon targeting defects. Second, like Moe, Wgn is expressed in R cells, predominantly in R8. Third, Wgn physically interacts with Moe through the MPD region present in the receptor's intracellular domain; this interaction is necessary for its ability to regulate R cell axon targeting. Fourth, reducing the gene dosage of moe by half enhances the R cell axon mistargeting phenotypes in wgn hypomorphic animals. Importantly, we also report that mutations in wgn or moe cause R8 growth cone morphology and mistargeting defects that are cell-autonomous and R2-R5 axon mistargeting defects that are non cellautonomous. We therefore propose that the Wgn-Moe signaling cascade contributes to R cell axon targeting via two distinct mechanisms: first, Wgn-Moe acts as a receptor complex in R8 to regulate morphology of R8 growth cones and to guide proper targeting and second, this cascade acts to prevent R2-R5 axons from mistargeting into the medulla.
The proposed cell-autonomous role of Wgn-Moe signaling cascade in R8 cells is supported by three key findings. First, Wgn is expressed predominately in R8. Second, selective mutation of wgn or moe only in R8 by MARCM, results in abnormally expanded and mistargeted R8 growth cones. Third, R8-specific knockdown of Wgn or Moe by using RNAi lines causes R8 growth cone targeting and morphology defects.
When growth cones reach their appropriate target, they condense and their actin cytoskeleton changes from a very dynamic structure to a stabilized actin network that supports newly formed cell-cell contacts. One of the functions of ERM proteins is to bring receptors in close proximity to downstream signaling components required to alter the actin cytoskeleton. We speculate that in R8 cells, Moe acts as an adaptor that allows environmental signals sensed by Wgn to alter actin cytoskeleton dynamics and thus transduce a stop signal that halts R8 axon extension. Candidates that lie downstream of Moe in this pathway are unknown but small GTPases seem likely to play a role. TNF/ TNFR superfamily members function as potent regulators of small GTPases in mammals [9, 34] and in flies, Moe can negatively regulate Rho1 activity [28] . It is notable that overexpression of a dominant-negative form of Rho1 in R cells causes axon guidance defects that resemble those in flies overexpressing a constitutively active Moe (UAS-moeT559D) [28, 35] (Figure 11) .
How is the Wgn-Moe signal cascade activated? Egr is the only TNF-like ligand in Drosophila and previous studies have shown that it functions as a ligand for Wgn. When overexpressed in the developing eye, Egr induces cell death through a Wgn-dependent pathway and more recent work suggests physiological roles for the Egr-Wgn signaling cascade in tumour suppression and in regulation of pain responses [10, 12, 13, [36] [37] [38] . Given the well established lines between Egr and Wgn, we were surprised to find that neither of the two distinct egr mutant lines examined in this study had defects in R cell axon targeting ( Figure 11B and 11C) . Thus, Wgn regulates R cell axon targeting in an Egr-independent manner, indicating that Wgn must bind alternate ligands or function in a ligand-independent manner. We favour the latter hypothesis since R cell axon targeting defects caused by Wgn Hemispheres with . 14 R2-R5 axons and/or with thicker bundle in the medullar region were counted as hemispheres with R2-R5 mistargeting defects. Hemispheres that have irregular array of R8 growth cones in the medullar region with blunt or enlarged ends were counted as hemispheres with abnormal R8 growth cones. Abbreviations: lp, lamina plexus; me, medulla; rtl, Rough-tau-LacZ; atm, Atonal-tau-Myc. Scale bar: 10 mm. doi:10.1371/journal.pone.0060091.g010 overexpression in the eye were not enhanced when the dosage of the UAS-wgn transgene was increased whereas increasing UAS-moe overexpression had a drastic effect (quantified in Figure 6N and 6O). In addition, overexpression of constitutive active form of the Moe (UAS-moeT559D) in fly eye leads to severe R cell axon targeting defects at third-instar larval stage (Figure and 11F and 11G) and causes a rough eye phenotype at the adult stage (data not shown) in a dosage dependent manner whereas overexpression of UAS-wgn and UAS-moe together did not ( Figure 11H ). These findings suggest that a change in Wgn signaling properties, most likely mediated by an activating ligand, may regulate axonal targeting.
Three findings support the conclusion that Wgn-Moe signaling in R8 photoreceptors functions to regulate R2-R5 axon targeting in a non cell-autonomous manner. First, global deletion of Wgn or Moe causes R2-R5 axons mistargeted into medulla whereas individually mutated R2-R5 axons of wgn or moe target correctly. Second, R8-specific knockdown of Wgn or Moe leads to R2-R5 axon mistargeting defects. Third, expression of Wgn or Moe specifically in R8 cells rescues the R2-R5 mistargeting defects. The R8-dependent regulation of R2-R5 targeting reported here is, to our knowledge, a novel finding that is unique for the WgnMoe signaling cassette. Golden Goal and Flamingo proteins have been shown to alter R8 and R1-6 targeting but available data indicate that these are due solely to cell autonomous events [25, 26, 39, 40] .
How does Wgn-Moe signaling within R8 cells facilitate correct targeting of R2-R5 axons? One possibility is that the Wgn-Moe signaling cascade may regulate expression or function of R8 cell surface molecule(s) that function(s) as a stop signal for R1-6 axons. There is no direct evidence for Wgn itself acting as a stop signal but other TNFR superfamily members can impact on growth inhibitory molecules. In mammals, p75 NTR and Troy, both mammalian TNFR superfamily members, transduce stop-growth signals mediated by the Nogo receptor [41, 42] . p75 NTR has also been shown to functionally interact with the Semaphorin3 receptors, Neuropilin1 and PlexinA4 [43] . In fly, PlexinA regulates R cell axon guidance [35] and it is conceivable that Wgn and /or Moe may interact with this pathway. Alternatively, the Wgn-Moe signaling cascade may produce a soluble factor that drives expression of a stop signal within R2-R5 cells or in cells that they contact in their target zone. Identifying the nature of the non cell-autonomous signal(s) produced by R8 cells to regulate R2-R5 targeting will be an interesting challenge for future studies.
To summarize, we have shown that the sole TNFR and ERM protein in fly functionally and physically interact with each other to regulate R cell axonal targeting during development. The WgnMoe signaling cassette functions in a cell autonomous manner to ensure that R8 axons respond to layer specific termination signals and functions non-cell autonomously to regulate R2-R5 layer recognition.
